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WepreviouslydemonstratedthatrAAVvectorscari7inghumanandcaninefactorlX(FIX)cDNA 

can infect, stably persist, and secrete functional human and canine FIX following direct intra- 

muscularinjection.lnanattempttoimproveFIXproteinsecretionforeventualtherapeuticuse, 

wesetouttodetermineifalterationoftheAAVcapsidwouldaffectskeletalmuscletransduction 

andfactor!Xsecretion.Tworeasonstopursuethisquestionwere(1)thepersistenceofhigh-titer 

neutralizingantibody(NAB)toAAV2and(2)ourpreviousstudythatsupportedarestrictedtro- 

pismofmusclefibertypestoAAV2transduction.UsinganidenticalCMV/caninefactorlX(cFIX) 

expressioncassette f wecross-packagedthisgenomeintovirionsgeneratedfromeachofthefive 

AAVserotypes.lnadose-responseassay f equivalentamountsofrAAV/cFIXserotypesweretest- 

ed invitro and invivo. Intissueculturecell^FIXantigenlevelssecretedintothesupernatantvar- 

ied depending on the AAV serotype used; type 2 transduced maximally, with serotypes 3,1,5, 

and4,respectively,expressinglowerlevels.However,whenthesamevirusesweretested invivo 

usingimmunodeficientNOD/SCIDanimals,weobtainedsurprisinglydifferentresults.Whilethe 

timetoonsetofdetectableserumlevelsappearedthesameforallserotypes,types1,3,and5 

produced100-to1000-foldmorecFIXthantype2.lnfact f 12weeksaftertransduction,type1 

continuedtoexpresslevelsofcFIXonaverageat80 jig/mlfollowedbytype5(6.52 ug/ml),type 

3(3.27 ^Lg/ml),type4(258ng/m!) f andfinallytype2(90ng/ml).CoagulantactivityofcFIXas 

measuredbyaPTTsupportedthecirculatinglevelsmeasuredbyELISAdemonstratingthesecret- 

ed protein was functional, and RT-PCR of injected tissue correlated with the serotype-specific 

transduction data. In summary, we found significant differences in cFIX expression upon intro- 

ducingvariousrAAVserotypesintomousemuscle.Thesedatahavedirectbearingonthedesign 

of AAV gene therapy clinical trials for hemophilia and should also extend to most therapeutic 

transgenes. 



Introduction 

Recombinantadeno-associatedvirus(rAAV)isconsidered 
a safe and promising vector for human gene therapy. 
AAVisnonpathogenic.infectsbothdividingandnondi- 
viding cells, can establish latency, and persists in tissue 
such as skeletal muscle, retina, liver, brain, and va scula- 
ture(l).Avarietyoftherapeuticproteinsincludingfac- 
torIX(FIX)areexpressedviasimpleintramuscularinjec- 
tionofrecombinantAAV(2^).OfthesixAAVserotypes, 
serotype type 2 (AAV2) is best-characterized and there- 
fore predominantly used in gene transfer studies (5). 
HerewerepomhaUAVvectorstypesl,3,4,and5trans- 
duce skeletal muscle more efficiently and secrete can ine 
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FIX(cFIX)atlevelstwo-to-threelogsgreaterthanrAAV2. 
Thus, without modifying gene expression cassettes, the 
capsid composition of the majority of AAV serotype 
appears to effect vector transduction significantly 
enoughtoproducehigherthantherapeuticlevelsofcir- 
culatingFIX. 

SixserorypesofAAVhavebeenclonedandsequenced 
with five of the six having divergent amino acid 
sequences. Serotypes 1 and 6 share >99% amino acid 
homologyintheircapsidproteinsandsequenceanalysis 
supportsarecombinationeventbetweenserotypesland 
2 (6, 7, 14). Comparison of the serotype capsid amino 
acid sequences suggests that types 1, 2, and 3 share 
homology across the three capsids in accord with 
heparansulfatebinding(8).Incontrast,AAVtypes4and 
5 sharelesshomology across thecapsidregionandnei- 
ther type 4 nor type 5 binding is competed by soluble 
heparansulfate,suggestingthattheyusedistinctrecep- 
tors(9,10). 
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HemophiliaBistheclinicalmanifestationofinherit- 
edfactorIXdeficiency(ll).Weandothersdemonstrat- 
ed that AAV2 targeting skeletal muscle produces func- 
tional factor IX in large animal models but at less than 
therapeuticlevels(2 / 12).Recentreportsinbrainsuggest 
thatAAVserotypes4and5havedifferenthostcelltro- 
pisms invivo (l3).Withrespecttoskeletalmuscletrans- 
duction, AAV2 preferentially infects slow muscle fiber 
groups, indicating a restricted tropism in muscle (15), 
whereas type 1 has been shown to have a marked 
increaseinmuscletransduction(14). 

Methods 

rAAVproduction. AllrAAVvectorswereproduced,purified,andtiteredas 
previously described (2). The r AAV/green fluorescence protein (GFP) or 
cFIXDNAtemplatesutilizedforencapsidationinAAVl / 2 / 3,and4were 
derived from plasmidpsub 201 as previously described (2). rAAVS virus 
wasgeneratedaftersubcloningtheEGFPandcFIXcDNAsintoplasmid 
P 7D05containingtwotype5ITRs(10)via ^ffldigestionTheAAVSvec- 
torpla$midp7D05andhelperplasmidpAAV5weregenerouslysupplied 
byDrs.ChioriniandKotm(NniLBI,NIH,Bethesda,MD).AllotherAAV 

packaging plasmids were supplied through the UNC Gene Therapy 
VectorCoreanddescribedbyRabinowitzandSamulski (submitted). 

CanineFIXassays. CanineFIXantigenandactivityassays(ELISAand 
aPTTJwereperformedaspreviously described (2) with minor modifica- 
tions. Purified canine FIX (Affinity Biological Inc., Hamilton, Canada) 
was added to pooled NOD/SCID mice plasma and serial dilutions were 
made.ThiswasusedasstandardforEUSAandaPTT . Plasmafrom exper- 
imental animals was diluted 4- to 400-fold for both ELISA and aPTT 
assays.Plasmafromanimalstham'ereiniectedwithrAAV/EGFPwasused 

ascontrol. 

Animal care and procedures. NOD/SCID animals Qackson Labs, Bar 
Harbor f ME)weremaintainedandtreatedinaccordancewiththeAnimal 
CareandUseCommitteeofUNCChapelHill.OnehundredmicroIiters 
ofPBScontainingl.5 x 10 10 rAAV/GFPor2.5 x 10' 1 rAAV/cFIX virions 
wasdirectlyin)ectedintothegastrocnemiusmusclein4-to5-week-old 

NOD/SCID mice. The mice were bleed via retroorbital plexus every 4 
weekspostinjection.EightweeksafterrAAVinjections,themicereceiv- 
ingrAAV/GFP were anesthetized by 2. 5% a vertin and perfused through 
cardiac puncture with 4% paraformaldehyde (Sigma) and 0.25% glu- 
taraldehyde (Sigma). The gastrocnemius muscles with injected rAAV 
(marked withcoiniectionofcarbonparticles)wereharvestedandsliced 
at25- umintervals.Themusclespecimenswereobservedbyfluorescent 
microscopy(ModelDM-IRB / Leica,Germany).TwelveweeksafterrAAV 
injection, mice in each experimental group receiving serotyped 
rAAV/cFIX were sacrificed, and the skeletal muscle was harvested and 
processed. RNA was isolated using a Qiagen Rneasy kit (Qiagen, 
Germany), following the manufacturer's protocol. RT-PCR was per- 
formedasdescribed previously (2). 

Results 

To investigate all the AAV serotypes for efficient muscl e 
transduction , we generated high-titer r AAV type 1 , 2, 3, 
4, and 5 viruses expressing humanized GFP or canine 
factorlXbytransienttriple-plasmidtransfectionaspre- 
viouslydescribed(2).AnAAVtype2vectorplasmidcar- 
rying either a CMV-dri ven EGFP or cFIX gene was u sed 
with the appropriate helper plasmid (see Methods) to 
CT0SS-packageandgeneraterAAV/EGFPorrAAVcFIXl,2, 
3,and4 vectors. These recombinantvectorsdifferonly 
in capsid structure (Rabinowitz and Samulski, submit- 
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AAV1 AAV2 AAV3 AAV4 AAV5 
AAV serotype 

FIG. 1. 293 cells were infected with either rAAVl -to-5/GFPorrAAVl -to- 
5/cFlX at □ m.o.i. of 1 0 3 vector genomes/cell. Quantitation of each virus 
preparation (vector genomes/ml) by dot-blot hybridization was performed 
prior to each experiment and all vectors were prepared, stored, and used 
identica!ly.Adenovirustype5(wtad5)wasaddedata m.o.i. of 2/cell, and 
rAAVl -to-5/CFP-infectedcellswereanalyzedbyflowcytometry24 hpostin- 
fertion.ThepercentageofGFP-positivecellswasdetermined^andcFIXanti- 
gen in the cell supernatant was measured by EUSA. No detectable fluores- 
cence or cFIX was observed in mock-infected controls (Ad5 only, data not 
shown). 



ted).TogeneraterAAV5,wesubdonedtheEGFPorcFIX 
expressioncassetteintop7D05thatcontainsrAAV5ITR 
elements. This vector was cotransfected with pAAVS 
(containingtherepandcapgenesofAAV5)asprevious- 
ly described (10) to generate rAAVS /EGFP and 
rAAVS /cFIX. All viruses werepurified and particlenum- 
bers determined by dot-blot assay more than three 
times. 

Serotype-SpecificTransduction in Vitro 

Each recombinant serotype was tested for transduc- 
tion by infecting the human-derived 293 cell line in 
duplicate using identical numbers of viral particles. 
Serotype2EGFPandcFIXvectorsproducedthehighest 
transductionlevels(Fig.l).Theseobservationswerefol- 
lowedby AAV types 3, 1, and 5 and finally serotype 4. 
The low level of rAAV4/EGFP fluorescence and 
rAAV4/cFIXlevelssecretedwereconsistentwithprevious 
reports demonstrating the inefficient transduction of 
humanvsnonhumanprimatecellsC^.Inaddition.the 
difference observed with type 2 transduction on 293 
cells may be related to the fact that this cell has been 
characterizedforexpressingcell-surfaceheparansulfate 
whichisemployedbyAAV2asoneof its cell receptors 
(10).Atpresent,noneofthereceptormoleculesusedby 
theotherserotypeshasbeendescribed.Inthesestudies, 
we used vector particle number to control for m.o.i. 
Because both GFP and cFIX vector preps transduced 
equallyforeachrespectiveserotype(Fig.l) / weconclud- 
ed that transduction differences observed between 
serotypeswerenotduetovariationfromvectorproduc- 
tion and purification. To confirm these observations, 
specific serotypes were produced more than once and 
retestedfor invitro and invivo transductionwithsimilar 
results. 
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FIG 2 Invivo transductionofskeletalmuscl^^ Af 

1 5 x 1 0 1 0 genomes/animal, respectively. Miceweresacrinced8weekspostinjection;theinjectedskeletatmusclewas processed and photog raphed(magnit.- 

cation200x).(A)rMVl/GFP-inj^ 
nm ba nd-wi d th pa ssfi Iterwas u sed . 



Serotype-SpecipcTransduction in Vivo 

Direct intramuscular injection of rAAV2 transduces 
skeletal muscle cells and persists long-term in animal 
models(2).Toinvestigateznvzvo transductionefficiency, 
the five different serotypes of r AAV/GFP and cFIX were 
directly in j ected into gastrocnemius muscle of 4- to 5- 
week-oldNOD/SCIDmice(seeMethods).Skeletalmuscle 
fluorescence for GFP transduction measured at 8 weeks 
was positive for all five r AAV serotypes with AAV1 and 
AAVSdisplayingthemostintenseandwidespreadstain- 
ing.TheGFPstainingpattern suggests thattype landS 
vectors diffused across the length of the entire muscle 
analyzed unlike the "patchwork" appearance typically 
observedwith A AV2 (Fig. 2) . 




weeks post injection 

FiG.3. PlasmaantigenievelsofcanineFiXinNOD/SCIDmiceafterintra- 
muscular injection of rAAV serotypes. Mice received 2.5 x 1 0 1 vector 
genomesof each AAV/cFIX serotype. A volume of TOO \i\ virus was injected 
into the gastrocnemius muscle ( n =5miceforeachserotypetested).Mice 
were bled at monthly intervals and the plasma was measured by ELISA for 
cFIXantigen.PlasmafromanimalsinjectedwithAAV/ECFPwasusedascon- 

trol. 



Based on these results, we then tested the five 
serotypeAAV/canineFIXvectorsinskeletalmuscle.2.5 
x lO** genomepartidesofrAAV/cFIXl,2,3,4,and5 
wereinjectedintothehindlimbsofNOD/SCIDmice( n 
= 5 for each experimental group) . Plasma was tested at 
monthly intervals for canine factor IX using an ELISA 
specihcforcaninefactorIX(seeMethods).Asshownin 
Fig. 3, we detected canine factor IX in all experimental 
animals.NocaninefactorlXantigenwasdetectedfrom 
plasma samples taken from control animals receiving 
equivalent doses of serotyped AAV/EGFP (data not 
shown). As expected and consistent with the GFP stud- 
ies^cFIXantigenlevelsinmicereceivingrAAVtypeslA 
4,and5werehigherthanthoseintherAAV2/cFIXmice 
(Fig.3).TheamountofcaninefactorIXintheplasmaof 
micereceivinglypesl,3,and5wasunexpected. Levels 
higherthanlOOandlO ug/mlofcFIXweredetectedin 
themicereceivingrAAVtypesland5 ; respectively.Even 
serotypeS^hichbysequenceismostsimilartotype^ 
expressed cFIX levels up to 5 . 8 Hg/ml. This represents 
1(P andlO 2 increases of cFIX, respectively, when com- 
paredtomicereceivingrAAV2/cFIX. 

Vector-TransdiicedCajnneFIXIsBioloskallyActive 

The supraphysiologic levels of cFIX allowed us to 
dilutetheendogenousmouseFIXandtestthecoagulant 
activityoftransgeneprotein.TheaPTTof(normal)con- 
trol mice was significantly prolonged at 5-fold and 
greaterdilutionsofplasma(Tablel).Inmarkedcontrast, 
80- to 1 60-fold dilutions of rAAVl/cFIX mouse plasma 
were required before the aPTT time was prolonged. To 
quantifytheaPTTactivityintermsofabsoluteamounts 
of protein, we established a standard aPTTcurveby the 
addition of purified canine factor IX to control mouse 
plasma (data not shown). Based on these results, cFIX 
antigenandactivitylevelswereconsistentandindicated 
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TABLE 1 

aPTTCIottingTimesofthePlasmaofrAAV1/cFIX-TreatedMice 



Clottingtime(s) 



Dillution 
factor 


Control 
plasma 






AAV1/cFIXmice 




1629 


1630 


1885 


1886 


1:5 


96.6 


ND 


ND 


ND 


ND 


1:10 


113.1 


51.3 


ND 


ND 


ND 


1:20 


ND 


71.9 


65.1 


ND 


ND 


1:40 


ND 


84.8 


80.9 


79.9 


88.4 


1:80 


ND 


99.15 


94.7 


89.6 


108.9 


1:160 


ND 


137.3 


113.1 


109.6 


122.6 



PurifiedcFIX 

1887 inmice plasma 



ND — 
ND — 
ND 86.1 (900ng/ml) 

82.6 95.6(450ng/ml) 

104.4 105.1 (225ng/ml) 

123.1 114.9(112.5ng/ml) 



mice was diluted 1 0- to 1 60-fold. Purified cFIX was added to control plasma and diluted serially. All results are expressed as y v r 



separateexperiments. 



that the canine factor IX secreted was fully functional 
(Fig.4). 

RT-PCRAnalysisofVector'TransducedMuscle 

Molecular analysis of rAAV/cFIX mRNA in mouse 
skeletal muscle was performed from each serotype-spe- 
cific transduced group. At 12 weeks postinjection, ani- 
malsweresacrificed^astrocnemiusmusclewasisolated, 

and mRNA was prepared for RT-PCR. Based on semi- 
quantitativePCR(Fig.5);theamountofdetectabletran- 
scriptwasconsistentwiththeplasmalevelsoffactorlX 
(Fig. 3) and the extent of vector spread observed with 
GFPexpression(Fig.2). 



Discussion 

Inthisstudy,wecharacterizedthetransductionofallfive 
AAVserotypesasvectorscarryinganidenticalexpression 
cassetteforGFPandcFIXtxansgenes.Allserotype-specif- 
icvectorsproducedsimilarvectory ields ( 10 1 2 -10 par- 
ticles/ml)andwerepositivefortransductionboth//7virro 
and invivo. However,leveloftransduction invivo didnot 
mirror invitro results. Inf act, weobserved invivo expres- 
sion levels of cFIX that were 100 to 1000 times higher 
than the commonly used serotype 2 vectors. The cFIX . 
proteinexpressedfromallvectorswasbiologicallyactive 
based on aPTT assays, and RT-PCR supported serotype- 
specific transduction levels. Based on our studies, AAV 
typelvectorsappearedtobethemostefficientinmus- 
cletransduction,withexpressionlevelsofcFIXthataver- 
aged 80 u#/ml followed by type 5 (6.52 jig/m), type 3 
(3.27 jig/rnl), type4 (258 ng/ml), and finally type 2 (90 
ng/ml). A previous report comparing AAV type 1 and 
AAV type 2 vectors in muscle using different reporter 
genesandbreedsofmice(14)alsodescribedanincreased 
vectortransductionfortypelalbeitatlowerlevels. 

One primary reason for investigating different AAV 
serotype vectors was aimed at evaded existing immune 
responses to AAV serotype 2. Antibody to AAV2 in the 



normalpopulationrangesbetween50and96%.Ofthese 
individuals, 18-67% carry neutralizing antibodies. We 
havefoundinbothmiceanddogsthatneutralizinganti- 
bodiesarelonglastingandremainathightiterafterpri- 
maryexposuretoAAV2 / makingreadministrationofthis 
serotype ineffective (Chao and Walsh, unpublished 
data). From these animal studies, the existing immune 
responsetotype2vectormayhaveasignificantimpact 
on in vivo gene transfer in humans. The lack of cross- 
reactivity among neutralizing antibodies of different 
rAAV serotypes in mice (Li and Samulski, unpublished 
data) suggests that vector readministration using non- 
AAV type 2 vectors may bypass this problem. Although 
wefeelconfidentthatthedifferentserotypevectorswill 
provide alternative approaches to readministration, 
moreimportantisthefacttliatweobtainedhigherthan 
therapeuticlevelsofFIXusingnon-type 2 AAV vectors. 




Mouse ID Number 



FIG.4. Procoagulant activity of canine FIX in serotype 1 -treated animals. 
EUSA antigen and aPTT activities were measured in plasma samples from 
AAVI-treatedanimals.Resultsareexpressedasaveragesofsamplesperformed 

in duplicated each animal tested. Purified cFIX was added to NOD/SCID 
mouseplasmaandserialdilutionsweremadetogenerateastandardcurveof 
a PU activity. Plasma samples of rAAV 1 -treated animals were diluted 1 0-to 
1 60-fold. cFIX values (ng/ml) were calculated based on the aPTT standard 
curve.aPrractivityofplasmafromAAV/ECFP-injectedanimalswasusedas 

control. 
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FIGS RNAexpressionofMV/cFIXtypesl^ . +u 
ur*«M^ M cUn(250-bpband)w aS usedasacontrol.RNAsam 
DNas^eachsa -RDtocontrolforDNAcontaminat.on.WaterOAOandRNA.solatedfromcon- 
trolanimalmusde(C)areshownattheleft.EighthundrednanogramsofRNAwasusedineachRT-PCR. 



To our knowledge, this is the first report obtaining sig- 
nificantly higher than physiological levels of cFIX 
expressionwithoutmodifyingtheexpressioncassette.In 
fact,theuseofidenticalexpressioncassettesinthesevar- 
iousserotypesstronglysupportsviraltropismasthepri- 
maryreasonforinCTeasedtransduction.Thesedatawere 
supported by serotype-specific GFP transduction in 
mouse muscle. At present, all animal studies using AAV 
vectors have consistently yielded long-term transgene 
expression. In our hands, we have positive expression 
approaching 3 years in the hemophilic dogmodel . This 
strongly suggests that repeated administration may not 
be necessary if therapeutic levels can be obtained with 
initial doses . In addition, our data in this mouse m odel 
stronglysupportusingserotypelAAVvectorsforhuman 
clinical trials. One concern with testing these serotype- 
specificvectorsinmousemodelsisthattheseresultsmay 
be species-specific. However, this has not been the case 
with serotype 2 vectors, which have successfully trans- 
ducedmice^abbit.dog.andmonkey.Atpresent^eare 

testing large-animal models to determine if these 
serotype-specificvectorswillperformequivalentlyinall 

models(mouse,dog,andprimate). 

Finally,theresultsofthisstudysuggestthatAAVvec- 
tor-mediatedgenetransferissubstantiallyimprovedby 
using naturally occurring serotypes as vectors. This 
approachmaybeusefulforthetreatmentofawidevari- 

etyofinheriteddiseases. 
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